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It was proposed that Ato1p, Ato2p and Ato3p have a role in ammonia production by Saccharomyces cerevisiae colonies (Palkova et al., Mol
Biol Cell 13: 3901–3914, 2002). In this study, we show that all three Ato proteins localise to the plasma membrane and their appearance correlates
with the beginning of ammonia release. The expression of ATO genes is controlled by ammonia. All three Ato–GFP proteins associate with
detergent-resistant membranes; two of them, Ato1p–GFP and Ato3p–GFP, localise to patches visible under the fluorescence microscope. In
contrast with Ato3p–GFP which forms stable patches, the formation of those of Ato1p–GFP is pH dependent. Ato1p–GFP patches form at pH
above 6 and they disappear at pH 5 or lower. Both changes, Ato1p–GFP clustering and patches spreading are reversible. The Ato1p–GFP
spreading at low pH is independent on endocytosis. These data suggest that besides the ammonia induction of Ato protein synthesis, pH may
rapidly regulate Ato1p function.
© 2007 Elsevier B.V. All rights reserved.Keywords: Saccharomyces cerevisiae colony; Ammonia signalling; Ato protein production; Detergent resistant membrane; Endocytosis1. Introduction
Yeast colonies, when growing on solid media, periodically
change the pH of their surroundings from acid-to-alkali and
vice versa. Colonies grow in the acidic phase, whereas they
produce ammonia and their growth is transiently inhibited in
the alkali phase. The ammonia released during the alkali phase
acts as a long-range signal between neighbouring colonies,
influencing their subsequent development [1]. Changes occur-
ring within colonies of Saccharomyces cerevisiae during their
transition to ammonia production indicate extensive metabolic
alterations and an overall decrease in stress [2]. A number of
genes encoding different membrane proteins alternate their
expression during the acid-to-alkali transition. Among theseAbbreviations: BKP, bromcresol purple; DRM, detergent-resistant mem-
brane; TMD, transmembrane domain
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doi:10.1016/j.bbamem.2007.02.011genes, three homologous ATO genes (encoding proteins with
predicted transmembrane domains, TMD, and an ammonium
signature) were identified. As the deletion of each of the three
ATO genes results in decreased ammonia production by
colonies formed by the particular mutant strain, the role of
Ato proteins as putative ammonium exporters important for
ammonia production in yeast colonies was proposed [2]. Later,
it was found that the colonies of a strain defective in the Sok2p
transcription factor as well as in ammonia production do not
sufficiently induce ATO gene expression [3]. One of the ATO
genes, ATO3, was found to be an RTG-independent retrograde
responsive gene, the expression of which appears to be under
the control of the Gcn4p transcription factor and that of the
Ssy1p–Ptr3p–Ssy5p SPS amino acid sensor [4]. The authors
proposed that Ato3p could eliminate the ammonia excess that
arises due to a possible defect in ammonia assimilation in rho°
cells [4]. Later, a parallel hypothesis was suggested, speculat-
ing about the possible role of Ato1p in acetate import into yeast
cells [5].
Fig. 1. Characterisation of S. cerevisiae strains producing Ato proteins fused with GFP protein. (A) Production of volatile ammonia by colonies of BY–Ato–GFP
strains and comparison with parental strain BY4742. (B) Changes in pH of agar between and adjacent to growing giant colonies of the same strains. Position of agar
samples is shown in panel C (bar 5 mm). (D) Position of cell samples (in giant colony) used for determination of Ato–GFP fluorescence in Fig. 2. Blue arrow marks
location of colony on Petri dish (in panel C). Bar, 5 mm. (E) Localisation of green fluorescence in cells of BY–Ato–GFP strains and in BY4742 taken from central part
(cen) of 13-day-old colonies. Bar, 5 μm.
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microdomains, lipid rafts, rich in cholesterol and sphingolipids,
are supposed to form the ordered compartments of the plasma
membranes, occupied by particular proteins [6]. Due to the high
content of sphingolipids and sterols, raft bilayers appear to be
thicker than non-raft bilayers. It was proposed that this
difference plays a role in protein sorting, i.e. that proteins
with relatively short TMDs tend to localise to thinner non-raft
membranes, whereas proteins with longer TMDs are segregated
to thicker raft microdomains [7]. Similarly to mammalian cells,
various plasma membrane proteins in yeast are distributed in
detergent-resistant membranes (DRMs) enriched in ergosterol
and sphingolipids. In some cases, the fluorescence of DRM
associated proteins fused with green fluorescent protein (GFP)
exhibits a non-uniform distribution on the plasma membrane
and appears in patches of varying diameter. Patches are usually
formed by the clustering and oligomerisation of a particular
DRM protein(s). Besides S. cerevisiae plasma membrane
H+-ATPase Pma1p, the first yeast protein identified as a protein
associated with DRMs [8], other yeast plasma membrane
transporters have been shown to localise to the plasma
membrane DRM fraction. Examples are the permeases Tat2p
[9], Can1p [10] and Fur4p [11,12], while other permeases
(Hxt1p and Gap1p) were initially described to localise outside
the DRMs [10,13]. However, recently Lauwers and Andre [14]
showed that Gap1p and Hxt1p are also able to localise toDRMs. Recent studies revealed the existence of mutually non-
overlapping DRM subdomains in plasma membrane containing
different proteins, RMC-P (the raft-based membrane compart-
ment containing Pma1p) and RMC-C (containing Can1p [10]
and other transporters [15]).
In this study, we show that the production of putative
ammonium exporters Ato in yeast colonies is induced by
external ammonia. Moreover, we show that these three proteins
localise to the plasma membrane DRM fraction. Two of them,
Ato1p and Ato3p, organise to patches that differ in their pH
stability. We propose that the different properties of the three
Ato proteins could be important for regulation of their activity
and their function.
2. Materials and methods
2.1. Strains, plasmids and media
BY–Ato1–GFP, BY–Ato2–GFP and BY–Ato3–GFP strains were derived
from the S. cerevisiae BY4742 strain (MATα, his3Δ, leu2Δ0, lys2Δ0, ura3Δ0)
obtained from the EUROSCARF collection. For GFP genomic tagging, we used
plasmid pFA6a–GFP(S65T)–KanMX6 [16], which was kindly provided by K.
Malinska (MBU, Prague, Czech Republic). Giant yeast colonies [1] were grown
on GM-BKP agar (1% yeast extract, 3% glycerol, 2% agar, 30 mM CaCl2,
0.01% bromcresol purple, BKP), six per Petri dish (Fig. 1C). Geneticin-resistant
clones were selected on YPGly/G418 plates (2% agar, 1% yeast extract, 1%
peptone, 3% glycerol, 200 mg/l geneticin G418). Yeast liquid cultures were
grown in YEPG (1% yeast extract, 1% peptone, 2% glucose) medium.
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A GFP tag was fused [16,17] to the C terminus of individual ATO genes
directly in their chromosomal localisation. A GFP-kanr cassette was provided
with its 5′-end homologous to the end of the ATO1, ATO2 or ATO3 gene
(without a stop codon) and 3′-end homologous to the downstream region of
ATO genes. For amplification of the construct, we used A1D/A2D/A3D and
A1R/A2R/A3R primers respectively, and the pFA6a–GFP (S65T)-KanMX6
plasmid as a template. The constructed cassettes were transformed into BY4742
cells [18] and positive transformants were selected on YPGly/G418. Colonies
were re-streaked on fresh YPGly/G418 medium to reduce background growth.
Correct integrations of GFP- kanr cassettes were verified by PCR using G1/G2/
G3 and GR primers, respectively. Primers used: A1D (5′- atgtactggctcgtcc
attcccattaccatctactgaaagggtaatctttggagcaggtgctggtgctggtgctggagca-3′), A1R
(5′-aaaactactcttttttatttcaatagttctcgttattagtaggtcgtgctctcaatcgatgaattcga
gctcgtttaaac-3′), A2D (5′-cttcaaattcttatttagccttcagggcgcacacaatgccaaatgctcctg-
gagcaggtgctggtgctggtgctggagca-3′), A2R (5′-ttattaaatcattttaatgttttataagttttg
tttttcatttcatacccttcaatcgatgaattcgagctcgtttaaac-3′), A3D (5′-tacattatggtccatc-
cattcgcattacctagcaatgataaggtgttcttcggagcaggtgctggtgctggtgctggagca-3′), A3R
(5′-taagaatatataataggggtaaaagttattttagcctgcacttttgtgttttcaatcgatgaattcgagctcgtt-
taaac-3′), GR (5′-ccttcaaacttgacttcagca-3′), G1 (5′-ttttatttgttggggtgggc-3′), G2
(5′-tgtcattgggttcttccttg-3′), G3 (5′-ttttacctcctaggatgggca-3′).
2.3. Fluorescence and confocal microscopy and image
acquisition
Cells were taken from different parts of the colonies (Fig. 1D), resuspended
in water and photographed under a fluorescence microscope (DMR; Leica)
equipped with an HCX PL fluotar 100×/1.3 oil objective with a GFP filter or
filter N2.1 for red fluorescence and under Nomarski contrast using a high
performance CCD camera (model 4912, Cohu) and Lucia 32 software version
4.50 (Laboratory Imaging). The localisation of Ato–GFP patches in plasma
membrane was observed under a Leica SP AOBS confocal microscope.
2.4. Measurement of volatile ammonia released per day and ammonia/
ammonium content in cells and in agar below colonies
Ammonia released by growing colonies was absorbed into acidic traps as
reported [1] (http://www.natur.cuni.cz/~zdenap/protocols) and the amount of
nitrogen in liquid samples was determined using Nessler reagent. Determination
of ammonium/a in the cells of 3 colonies and in the agar under those 3 colonies
was performed as reported [3].
2.5. Determination of pH of agar around colonies
Two agar discs of diameter 6 mm were taken from the area between the
colonies and from the area immediately adjacent to the colonies (see the scheme
in Fig. 1C). The agars were soaked in 1 ml of distilled water for 1 h and then the
pH of the liquid was measured.
2.6. Isolation of DRMs and immunoblotting
Colonies of individual BY–Ato–GFP strains were grown on GM-BKP agar
until the period of enhanced Ato-GFP production (the 13th day). Alternatively,
BY-Ato-GFP strains were grown in liquid YEPGmedium for 18 h (to OD=2.4).
The cells of 35 colonies (approximately) or 1000 ml of the liquid culture were
collected and DRMs were isolated as reported [10], with some modifications.
Briefly, crude membrane fractions (of 500 μg of proteins) treated at 4 °C with
1% Triton X-100 detergent were fractionated by Optiprep density gradient
ultracentrifugation (each layer in the Optiprep gradient was enlarged by a factorFig. 2. Correlation of appearance of Ato1p–GFP, Ato2p–GFP and Ato3p–GFP fluore
in cells of colonies. (A) Changes in volatile NH3 production by colonies (right axis)
Each value represents average of those obtained for individual BY–Ato–GFP strains
the whole colony of particular BY–Ato–GFP strain. Fluorescence measured on sp
Ato2p–GFP and Ato3p–GFP appearance and their localisation in the colony. Sample
Fig. 1D. Numbers (25–129×) indicate integration used during image acquisition fromof 1.8 in volume compared to Malinska's protocol) and centrifuged for 3 h and
40 min at 40000 rpm in a Beckman SW40 rotor at 4 °C. Then, fractions 1 to 6
(700 μl each) were collected from the top of the gradient. A portion of the
uppermost fraction (fraction 1) was again treated with Triton X-100, centrifuged
in an Optiprep gradient and fractions 1 to 6 were collected. Proteins from each
fraction were precipitated with trichloroacetic acid. After centrifugation, the
protein pellets were dissolved in 10 μl of 1 M Tris base, 20 μl of TNEI buffer
(50 mM Tris–HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA supplemented with
Complete Protease Inhibitor Cocktail, Roche Applied Science, and 1 mM
PMSF) and 20 μl of denaturing sample buffer, then analysed by SDS-PAGE and
subsequent immunoblotting. To detect Ato-GFP proteins in the individual
fractions, we used rabbit anti-GFP primary antibody (Santa Cruz Biotechnol-
ogy) in combination with monoclonal mouse anti-rabbit IgG-peroxidase
(Sigma). To detect Pma1p and Hxt1p, we used specific goat anti-Pma1 and
anti-Hxt1 antibodies (Santa Cruz Biotechnology) respectively, in combination
with rabbit anti-goat IgG-peroxidase (Sigma) as the secondary antibody.
2.7. Measurement of GFP fluorescence of a whole colony
Cells of a whole colony of the individual BY-Ato-GFP strains were collected at
particular time-points and resuspended in 10 mM citrate phosphate buffer (pH 6.0)
to OD578=0.2. GFP fluorescence was measured on a FluoroMax 2 (Jobin-Yvon,
SPEX) spectrofluorimeter equipped with a xenon lamp, using excitation at 475 nm.
2.8. Stability of Ato-GFP patches at different pH
Cells taken from colonies of individual BY-Ato-GFP strains in the alkali
phase (13-day-old colonies) were washed and resuspended in 10 mM MES
buffer of pH 4, 5, 6, 7 and 8 respectively, and incubated at room temperature for
90 min. At the indicated time-points, cell aliquots were taken and Ato-GFP
patches were observed under the fluorescence microscope. To test whether the
dispersion of patches at low pH is reversible, cells picked up from BY-Ato1-GFP
colonies were first incubated in MES buffer of pH 4 or 5 for 50 min. The cells
were then centrifuged, washed and resuspended in MES buffer of pH 7 or 8. Cell
aliquots were taken as indicated and observed under the microscope.
2.9. Visualisation and inhibition of endocytosis
Cells taken from BY-Ato1-GFP colonies in the alkali phase were treated by
pH 5 similarly as described in 2.8. Endocytosis was detected by fluorescent
probe FM4–64, which can enter only those cells exhibiting active endocytosis.
The protocol of Walther et al. [19] was used with slight modifications as follows.
The probe FM4–64 (4 μM) was added to cells just after their resuspending in
buffer of pH 5 and the cell suspension was incubated at room temperature for
30–40 min (the time suitable for spreading of most of the Ato1p-GFP patches).
In parallel sample, endocytosis was stopped by adding of 10 mM NaN3 and
10 mM Na F just after resuspending of cells in buffer pH 5 and prior to addition
of FM4–64; the addition of 10 mM NaN3 was repeated after the first 15 min of
incubation. Fluorescence of Ato1p-GFP and that of FM4–64 was observed and
photographed under the fluorescence microscope (DMR; Leica); for FM4–64
fluorescent filter N2.1 was used.
3. Results and discussion
3.1. Ato1p, Ato2p and Ato3p localise to the plasma membrane
We prepared strains of S. cerevisiae BY4742 containing the
individual ATO genes fused with the GFP gene encoding green
fluorescent protein (i.e. ATO1–GFP, ATO2–GFP and ATO3–scence with NH3 production and changes in NH3/NH4
+ concentration in agar and
and NH3/NH4
+ concentration in cells and in agar under the colonies (left axis).
and BY4742 strain. (B) Changes in green fluorescence of cell suspensions from
ectrofluorimeter expressed in arbitrary units [AU]. (C) Timing of Ato1p–GFP,
s taken from inner (in), central (cen) and outer (out) areas of colonies as shown in
fluorescence microscope. Higher numbers mean lower fluorescence. Bar, 5 μm.
Fig. 3. Ato1p–GFP, Ato2p–GFP and Ato3p–GFP production is induced by ammonia. Induction of young colony by ammonia produced by older colony located on the
same agar (A) or on agar placed on the lid of the plate (B). Presence of Ato–GFP proteins in cells of particular colony documented in fluorescence images.
Arrangement schemes are shown bellow. Cells with no fluorescence are visualised using Nomarski contrast. Violet colouring of the pH indicator BKP around the
colonies indicates alkalisation. Bar, 5 μm (cells), 5 mm (colonies).
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guarantee the stability of the constructs as well as the natural
regulation of ATO gene expression and of the amounts of
proteins produced.
First, we proved that the presence of C-terminal GFP-tags
does not influence the function of individual Ato proteins,
because all BY–Ato–GFP strains exhibit exactly the same
profile of ammonia production and alkalization as the isogenic
BY4742 (Figs. 1A, B). The non-functionality of any of the Ato
proteins leads to a defect in ammonia production, as was shown
on colonies of strains with any of the three ATO genes deleted
[2].
Fluorescence microscopy of cells taken from colonies in
the alkali developmental phase revealed that all three Ato–
GFP proteins localise to the plasma membrane (Fig. 1E). This
is in agreement with our prediction from protein sequence
analyses [2] and with findings on the membrane localisation
of ATO3 [4].3.2. Ato protein plasma membrane appearance in cells of
colonies correlates with ammonia production
To monitor the level, localisation and timing of Ato–GFP
protein appearance in different colony areas at different
developmental phases, we took samples of cells from the
central area and the outer and inner margin of a colony (Fig. 1D)
over a period of 25 days and checked for the presence of
individual Ato–GFP proteins (Fig. 2C). To obtain information
on the overall level of Ato–GFP proteins during colony
development, we determined the GFP fluorescence of the
whole colony population using a spectrofluorimeter (Fig. 2B).
The first detectable GFP fluorescence appears in cells taken
from the inner colony margin at the 7th day (Fig. 2C, Ato2p–
GFP andAto3p–GFP). From the 8th day, i.e. from the time of the
first detectable volatile ammonia production (Fig. 2A), fluores-
cence was significantly enhanced in all three colony areas (Fig.
2C). The same is also true for overall cell fluorescence (Fig. 2B).
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16th day (Figs. 2B,C), thus correlating with the ongoing
enhancement of volatile ammonia production (Fig. 2A). During
this time, all three Ato–GFP proteins remain localised to the
plasma membrane. In some cells, GFP fluorescent vesicles were
visible in the cytosol. These, at later time-points, could represent
vacuole-derived compartments containing GFP originating from
degraded Ato transporters.
As already mentioned, volatile ammonia production starts at
some point during the period from the 7th to the 9th day, rises
until the 14th day and then gradually decreases (Fig. 2A).
Parallel monitoring of the ammonium concentration in cells
revealed two peaks in its accumulation (the 10th day and 18th
day). Each of them is followed by a rapid decrease in cellular
ammonium concentration, probably caused by the release of
ammonia from cells to the surrounding environment. Depending
on the external pH, ammonium remains dissolved in the agar or
volatilises. These data suggest that either free NH4
+ in cells is
produced in waves or its export from cells is not continuous.
3.3. Ato1p, Ato2p and Ato3p production is induced by
ammonia
Previous data revealed that a young colony in the 1st acidic
developmental phase can be prematurely induced by ammonia to
its own ammonia production phase [20]. To answer the question
of whether Ato–GFP protein synthesis can be induced as a direct
consequence of the impact of ammonia, young colonies were
inoculated 8–9 days later than the older colony, either on the sameFig. 4. Ato–GFP proteins localise in DRMs and patches. (A, B) Immunodetection of
Optiprep gradient centrifugation. (C) Confocal microscopy of BY–Ato–GFP cells fro
cells are shown. Bar, 5 μm.agar (Fig. 3A) or on agar placed on the lid of the plate (Fig. 3B)
facing the older colony. The second arrangement (Fig. 3B) allows
us to follow the induction of Ato–GFP production in a young
colony by volatile ammonia through the air, i.e. without the
possible side effect of any compounds diffusing through the agar.
In both cases, the proximal presence of the older colony producing
ammonia induced the synthesis of Ato proteins that become
localised to the membrane of young colony cells. In contrast, no
Ato–GFPs appear in solitary non-induced young colonies of the
same age (Fig. 3).
3.4. Ato–GFP proteins localise to DRMs
A brief observation of Ato–GFP cells (Fig. 1E) revealed non-
uniform Ato1p–GFP and Ato3p–GFP membrane fluorescence,
which resembles localisation in patches of microdomains rich in
sphingolipid and ergosterol as was previously described for
some yeast membrane proteins [10,15]. To confirm this, we
analysed the Ato–GFP fluorescence in cells by confocal
microscopy, which showed that both Ato1p–GFP and Ato3p–
GFP localise to relatively large membrane patches, while
Ato2p–GFP exhibits a more uniform membrane distribution
(Fig. 4C). Additionally, we performed the Ato–GFP protein
solubility test after Triton X-100 detergent treatment of the crude
membranes and flotation assay on Optiprep density gradients.
This assay revealed that Ato1p–GFP and Ato3p–GFP mostly
float in the upper DRM fraction (Fig. 4A). Surprisingly, the same
was true for Ato2p–GFP (Fig. 4A), although we used one of the
most effective solubilisers (Triton X-100) [21]. Moreover,Ato–GFP proteins, Pma1p and Hxt1p in fractions 1–6 (top–bottom) of the first
m 13-day-old colonies. Transversal (TV) and tangential (TG) optical sections of
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did not solubilise any of the Ato–GFP proteins, i.e. all of them
were found in the top fraction of the second flotation assay (data
not shown).
The efficiency of the detergent treatment and flotation assay
were confirmed by the detection of the plasma membrane
H+-ATPase Pma1p (a protein known to localise in DRMs [8])
predominantly in the 1st fraction, both in the cells of colonies
and in those of late exponential liquid cultures (Figs. 4A, B). On
the other hand, Hxt1p (a protein described to localise out of the
DRMs [10]) localises predominantly to fractions 5 and 6 (Fig.
4B) in samples from the same liquid culture (YEPG, 2%
glucose) showing that the detergent treatment was strong
enough to solubilise the non-DRM proteins from crude
membranes. Contrary to Malinska et al. [10] we found low
amount of the Hxt1p protein also in the top Optiprep fractions
when high protein quantity was loaded on the SDS-PAGE gel
(Fig. S1). Hxt1p present in DRMs and its soluble form differ in
Mw, being of 64.1±2.2 and 58.9±3.2 kDa, respectively
(predicted Mw for Hxt1p is 63.261 kDa). Thus, the DRM
Hxt1p cannot be an insufficiently solubilised non-DRM form.
More probably, this Hxt1p could be the residual protein of
DRM Hxt1p detected by Lauwers and Bruno [14] when cells
were grown on glucose not lower than 4%. In colonies grownFig. 5. Occurrence of Ato1p–GFP in patches is dependent on pH. (A) BY–Ato1p
tangential optical sections of cells at indicated time-intervals obtained by fluorescenc
with pH 8 buffer and subsequently incubated in pH 8 buffer. Transversal (TV) and
13-day-old colonies were used in panels A and B. Bar, 5 μm.for 13 days on glycerol GM medium, we were not able to detect
any of these forms, i.e. the total level of Hxt1p was below the
detectable level.
The visible non-uniform distribution of Ato1p–GFP and
Ato3p–GFP differs in particular colony developmental periods
(Fig. 2C). Contrary to Ato3p–GFP, which localised in patches
throughout the entire monitored period, Ato1p–GFP patch
localisation was mostly evident during the alkali phase. Thus,
Ato1p–GFP dispersing in the membrane correlates with the
decrease in ammonia production (Fig. 2A) and particularly with
the transition of colonies to the 2nd acidic developmental phase,
i.e. with a drop in pH in the colony surroundings (to pH 5.5)
(Fig. 1B).
3.5. Ato1p–GFP non-uniform localisation on plasma
membrane is pH-dependent
In order to test the stability of Ato1p–GFP patches in the
plasma membrane and the impact of pH on this stability, we
exposed cells from 13-day-old colonies to different pH and
monitored the changes in Ato1p–GFP localisation (Fig. 5A).
Ato1p–GFP patches appeared to be stable at pH 6–8 over the
investigated interval of 90 min, while they were unstable at pH
4–5, becoming uniformly dispersed in the plasma membrane.–GFP cells were incubated in buffers of pH 4–8. Fluorescence images show
e microscope. (B) BY–Ato1p–GFP cells were incubated in pH 5 buffer, washed
tangential (TG) optical sections of cells are shown. Cells from the outer area of
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in pH from 5 to 7 or to 8 leads to the rapid reconstitution of
Ato1p–GFP patches in the plasma membranes of the cells (Fig.
5B). The Ato1p–GFP spreading at low pH is not caused by
partial disappearance of Ato1p from the plasma membrane by
endocytosis as it efficiently occurs even if endocytosis is
blocked by NaN3 and NaF (Fig. 6). This was demonstrated on
cells with Ato1p–GFP patches (Fig. 6A), which were incubated
at pH 5 in the absence (Fig. 6B) or in the presence (Fig. 6C) of
NaN3 and NaF together with FM4–64 fluorescent dye. FM4–64
can enter the cells only by active endocytosis and can stain
membranes of endocytic vesicles and vacuoles (Fig. 6B). The
blocking of endocytosis thus leads to absence of staining of
these compartments (Fig. 6C).
The changes in Ato1p–GFP distribution appear to be
independent of the presence of ammonia/ammonium (data not
shown), indicating that pH itself (but not the changed ratio of
ammonium to ammonia) is responsible for alterations in Ato1p
patch appearance. In addition to the induction of its synthesis byFig. 6. Dispersing of Ato1p–GFP patches by low pH ex vivo is not dependent on en
alkali phase) containing Ato1p–GFP patches (A) were treated at pH 5 with FM4–64 a
Photos of transversal (non-marked) or tangential (TG) optical sections of cells obtained
red. Bar 5 μm.volatile ammonia (Fig. 3), the clustering/dispersion of Ato1p
(Fig. 5B) may change the activity of the protein, and represent
thus another way to quickly modulate its function. Thus, in
colonies, the rapid increase in extracellular pH accompanying
the colony transition to the phase of ammonia release (Fig. 1B)
[1] could cause rapid enhancement of the activity of the newly
synthesised Ato1p exporter by its clustering. Later, in the
second acidic phase, where the intensity of ammonia production
decreases, the two other transporters Ato2p and Ato3p, whose
membrane distribution was not visibly affected by pH (data not
shown), could be responsible for keeping the extracellular
ammonia at a certain level. The accumulation of intracellular
ammonium observed at the 10th and 17th days could reflect a
changed cellular metabolism. The later activation of Ato
ammonium exporters could cause the subsequent decrease in
ammonium in cells and a concomitant transient increase in
ammonium concentration in the agar (Fig. 2A).
The differences in the properties of the three Ato proteins
indicate that these proteins may have distinct functions anddocytosis. Cells taken from 13-day-old BY–Ato1–GFP colonies (occurring in
lone (B) or together with 10 mMNaF and 10 mM NaN3 to stop endocytosis (C).
by fluorescencemicroscope are shown. Fluorescence of GFP, green, of FM4–64,
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period of colony development. This is in agreement with the
previous observation that the deletion of any of the three Ato
proteins leads to partial defects in ammonia production [2].
4. Conclusions
Our new data strongly support our previous hypothesis that
Ato proteins may function as ammonium exporters [2] and thus
participate in ammonia signalling in yeast colonies. The data
reveal that (i) all three Ato proteins localise to the plasma
membrane and the timing of their production and plasma
membrane appearance correlates with the initiation of ammonia
release (Fig. 2). (ii) At least Ato2p andAto3p appear first of all in
cells located at the inner colony margin, i.e. in the colony region
which first responds to the presence of a competitor colony and
first starts to produce an ammonia signal. Accordingly, Ato
protein manifestation at the outer colony margin is slightly
delayed (Fig. 2C). (iii) The production of all three Ato proteins is
prematurely induced in young acidic-phase colonies by
ammonia just as they start to respond with their own ammonia
release (Fig. 3). This suggests that ATO genes belong to a gene
group induced (directly or indirectly) by ammonia.
All three Ato proteins localise to plasma membrane DRMs
(Fig. 4A); two of them, Ato1p–GFP and Ato3p–GFP can form
larger patches likewise it was shown for other yeast membrane
proteins [10,15]. The dispersed lateral plasma membrane
localisation of Ato2p–GFP resembles that of DRM associated
Fus1p localising to the tip of yeast mating shmoos [13]. The
differences in Ato protein distribution indicate that Ato proteins
may not necessarily occupy the same microdomains in the
plasma membrane. In contrast to Ato3p–GFP, Ato1p–GFP
patch distribution is dependent on extracellular pH, both during
colony development and also when cells are artificially exposed
to different pH. All these data indicate non-equal role and
regulation of all Ato proteins in ammonia signalling during
yeast colony development.
Acknowledgments
This work was supported by grants from the Grant Agency
of the Czech Republic 204/05/0294, from the Ministry of
Education AV0Z50200510, MSM0021620858 and LC531 and
by the Howard Hughes Medical Institute International Research
Award #55005623 to Z.P.
We thank V. Závada for critical reading of the manuscript, D.
Gaskova (MFF, Charles University in Prague) for help with
measuring fluorescence on the spectrofluorimeter and V.
Haislová for technical assistance.
Appendix A. Supplementary data
Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.bbamem.2007.02.011.References
[1] Z. Palkova, B. Janderova, J. Gabriel, B. Zikanova, M. Pospisek, J.
Forstova, Ammonia mediates communication between yeast colonies,
Nature 390 (1997) 532–536.
[2] Z. Palkova, F. Devaux, M. Ricicova, L. Minarikova, S. Le Crom, C. Jacq,
Ammonia pulses and metabolic oscillations guide yeast colony develop-
ment, Mol. Biol. Cell 13 (2002) 3901–3914.
[3] L. Vachova, F. Devaux, H. Kucerova, M. Ricicova, C. Jacq, Z. Palkova,
Sok2p transcription factor is involved in adaptive program relevant for
long term survival of Saccharomyces cerevisiae colonies, J. Biol. Chem.
279 (2004) 37973–37981.
[4] N. Guaragnella, R.A. Butow, ATO3 encoding a putative outward ammo-
nium transporter is an RTG-independent retrograde responsive gene
regulated by GCN4 and the Ssy1–Ptr3–Ssy5 amino acid sensor system,
J. Biol. Chem. 278 (2003) 45882–45887.
[5] S. Paiva, F. Devaux, S. Barbosa, C. Jacq, M. Casal, Ady2p is essential for
the acetate permease activity in the yeast Saccharomyces cerevisiae, Yeast
21 (2004) 201–210.
[6] S. Mayor, M. Rao, Rafts: scale-dependent, active lipid organization at the
cell surface, Traffic 5 (2004) 231–240.
[7] T.J. McIntosh, The 2004 Biophysical Society-Avanti Award in Lipids
address: roles of bilayer structure and elastic properties in peptide
localization in membranes, Chem. Phys. Lipids 130 (2004) 83–98.
[8] M. Bagnat, S. Keranen, A. Shevchenko, K. Simons, Lipid rafts function in
biosynthetic delivery of proteins to the cell surface in yeast, Proc. Natl.
Acad. Sci. U. S. A. 97 (2000) 3254–3259.
[9] K. Umebayashi, A. Nakano, Ergosterol is required for targeting of
tryptophan permease to the yeast plasma membrane, J. Cell Biol. 161
(2003) 1117–1131.
[10] K. Malinska, J. Malinsky, M. Opekarova, W. Tanner, Visualization of
protein compartmentation within the plasma membrane of living yeast
cells, Mol. Biol. Cell 14 (2003) 4427–4436.
[11] S. Dupre, R. Haguenauer-Tsapis, Raft partitioning of the yeast uracil
permease during trafficking along the endocytic pathway, Traffic 4 (2003)
83–96.
[12] J.D. Hearn, R.L. Lester, R.C. Dickson, The uracil transporter Fur4p
associates with lipid rafts, J. Biol. Chem. 278 (2003) 3679–3686.
[13] M. Bagnat, K. Simons, Cell surface polarization during yeast mating, Proc.
Natl. Acad. Sci. U. S. A. 99 (2002) 14183–14188.
[14] E. Lauwers, B. Andre, Association of yeast transporters with detergent-
resistant membranes correlates with their cell-surface location, Traffic 7
(2006) 1045–1059.
[15] K. Malinska, J. Malinsky, M. Opekarova, W. Tanner, Distribution of
Can1p into stable domains reflects lateral protein segregation within the
plasma membrane of living S. cerevisiae cells, J. Cell Sci. 117 (2004)
6031–6041.
[16] A. Wach, A. Brachat, C. Alberti-Segui, C. Rebischung, P. Philippsen,
Heterologous HIS3 marker and GFP reporter modules for PCR-targeting
in Saccharomyces cerevisiae, Yeast 13 (1997) 1065–1075.
[17] A. Wach, PCR-synthesis of marker cassettes with long flanking homo-
logy regions for gene disruptions in S. cerevisiae, Yeast 12 (1996)
259–265.
[18] R.D. Gietz, R.H. Schiestl, A.R. Willems, R.A. Woods, Studies on the
transformation of intact yeast cells by the LiAc/SS-DNA/PEG procedure,
Yeast 11 (1995) 355–360.
[19] T.C. Walther, J.H. Brickner, P.S. Aguilar, S. Bernales, C. Pantoja, P.
Walter, Eisosomes mark static sites of endocytosis, Nature 439 (2006)
998–1003.
[20] Z. Palkova, J. Forstova, Yeast colonies synchronise their growth and
development, J. Cell Sci. 113 (2000) 1923–1928.
[21] S. Schuck, M. Honsho, K. Ekroos, A. Shevchenko, K. Simons, Resistance
of cell membranes to different detergents, Proc. Natl. Acad. Sci. U. S. A.
100 (2003) 5795–5800.
